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MULITI-CLAD OPTICAL FIBER WITH
TAPER PORTION, AND OPTICAL FIBER
DEVICE HAVING SAME

FIELD

The improvements generally relate to optical fibers for
propagating single-mode or few-mode optical signals and
more particularly relate to multi-clad optical fibers for
propagating same.

BACKGROUND

Optical fiber devices such as couplers and probes gener-
ally incorporate optical fibers tapers. FIG. 1 shows an
example of an optical fiber device having an optical fiber
with a fiber core and a single-cladding surrounding the fiber
core, hereinafter referred to as “single-clad optical fiber”. As
shown, the optical fiber has a first taper portion extending
along a longitudinal dimension between first and second
longitudinal locations of the optical fiber. Typically, the taper
portion has a radial dimension which progressively
decreases at a given slope between the first and second
longitudinal locations.

In designing a single-clad optical fiber device, there 1s a
constant compromise between the slope at which the radial
dimension of the single-clad optical fiber decreases and the
adiabaticity of the optical signal propagating therein. Non-
acdiabaticity of the signal may lead to losses resulting from
an optical coupling between the fiber core modes and
higher-order modes. Non-adiabaticity may often times also
lead to undesirable optical coupling between the fiber core
modes of the optical signal 1tself. As 1t 1s generally preferred
to have shorter taper portions to reduce the overall length of
the single-clad optical fiber device, shorter tapered transi-
tions necessitate stronger slopes which may lead to non-
adiabaticity of the signal of interest.

A generally accepted compromise 1n the field 1s to limat
the slope of the taper portion to a theoretical limait, referred
to as the “adiabaticity power criterion”, beyond which the
coupling between the optical signal of interest and higher-
order modes (e.g., other core modes, cladding modes, radi-
ating modes) begins to appear. Although existing optical
fiber devices are satisfactory to a certain degree, there
remains room for improvement.

SUMMARY

Standard single-clad optical fibers are satisfactory in at
least some situations as they enable fabrication of some
single-clad optical fiber devices with tapers including fused
optical fiber couplers. However, it was found that many
single-clad optical fiber devices are impractical, and even
impossible, as they would necessitate very long tapered
transitions for their signal to undergo an adiabatic transition.

In an aspect, 1t was found that the single-clad optical fiber
of such optical fiber devices could be replaced by a multi-
clad optical fiber having a shorter taper portion without
necessarlly exceeding the adiabaticity criterion, as the
requirements on the adiabaticity criterion are relaxed by the
presence of mner and outer claddings of the multi-cladding
optical fiber. Accordingly, shorter optical fiber devices can
be obtained with no or almost no impact on the optical losses
of the resulting optical fiber device.

In accordance with an aspect, there 1s provided a multi-
clad optical fiber for propagating an optical signal having at
least a single mode, the multi-clad optical fiber comprising
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a fiber core, an 1nner cladding surrounding the fiber core, and
at least an outer cladding surrounding the inner cladding, the
multi-clad optical fiber having at least a taper portion
extending along a longitudinal dimension z, the taper por-
tion having a radial dimension progressively decreasing at a
normalized slope exceeding an adiabaticity criterion of a
conventional single-clad optical fiber propagating at least
the single-mode across 1ts single-mode core.

In accordance with another aspect, there 1s provided an
optical fiber device comprising a first multi-clad optical fiber
having a first fiber core, a first inner cladding surrounding
the first fiber core, and at least a first outer cladding
surrounding the first mner cladding, the first multi-clad
optical fiber having at least a first taper portion extending
along a longitudinal dimension z, the first taper portion
having a radial dimension progressively decreasing at a first
normalized slope exceeding a first adiabaticity criterion of a
first conventional single-clad optical fiber propagating at
least the single-mode across 1ts single-mode core, at least a
second optical fiber; and a coupling region having at least a
portion of the first taper portion of the first multi-clad optical
fiber optically coupled to at least a portion of the second
optical fiber.

Many further features and combinations thereol concern-

ing the present improvements will appear to those skilled 1n
the art following a reading of the instant disclosure.

DESCRIPTION OF THE FIGURES

In the figures,

FIG. 1 1s a schematic view of an example of an optical
fiber device having a single-clad optical fiber with two
longitudinally spaced-apart taper portions, in accordance
with prior art;

FIG. 2 1s a schematic view of an example of a double-clad
optical fiber device having a double-clad optical fiber with
two longitudinally spaced-apart taper portions, 1 accor-
dance with an embodiment:;

FIG. 3 1s a graph showing adiabaticity criterion as func-
tion of inverse taper ratio (ITR) for the single-clad optical
fiber of FIG. 1 and for the double-clad optical fiber of FIG.
2, 1n accordance with an embodiment;

FIG. 4 1s a schematic view of an example of an optical
fiber device having a multi-clad optical fiber with a taper
portion being optically coupled to a portion of a multi-clad
second optical fiber, 1n accordance with an embodiment;

FIG. 4A 1s a sectional view of a coupling region of the
optical fiber device of FIG. 4, taken along section 4A-4A of
FIG. 4;

FIG. 5 15 a sectional view of a coupling region of a 2x2
asymmetric optical fiber device, incorporating two different
multi-clad optical fibers, in accordance with an embodiment;

FIG. 6 1s a sectional view of a coupling region of a 2x2
asymmetric optical fiber device, incorporating a multi-clad
optical fiber device and a single-cladding optical device, 1n
accordance with an embodiment;

FIG. 7 1s a sectional view of a coupling region of a 3x3
asymmetric optical fiber device, incorporating three difler-
ent multi-clad optical fibers, 1n accordance with an embodi-
ment,

FIG. 8 1s a sectional view of a coupling region of a 4x4
optical fiber device, incorporating four multi-clad optical
fibers, 1n accordance with an embodiment;

FIG. 9 1s a schematic view of another example of a
multi-clad optical fiber having a taper portion, with longi-
tudinally spaced-apart refractive index profiles at four lon-
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gitudinal locations along the multi-clad optical fiber, 1n
accordance with an embodiment:

FIG. 10A 15 a graph showing normalized slope versus ITR
for a conventional single-clad optical fiber (SMF-28) and
corresponding taper portions;

FIGS. 10B and 10C are graphs showing normalized slope
versus I'TR for different multi-clad optical fibers and corre-
sponding taper portions;

FIG. 10D 1s a table showing parameters of the optical
fiber used 1n the computations of FIGS. 10A-C;

FIG. 11 1s a schematic view showing an optical fiber
device, showing a constant heat zone L, in accordance with
an embodiment;

FIGS. 12A and 12B are graphs showing refractive index
profiles as function of radial dimension p for multi-clad
optical fibers A and B, 1n accordance with some embodi-
ments;

FIG. 13 A 1s a graph showing normalized slope as function
of I'TR showing adiabaticity criterion curve for an example
of a conventional single-clad optical fiber propagating the
fundamental mode and other few other modes:

FIG. 13B 1s a graph showing normalized slope as function
of I'TR showing adiabaticity criterion curve for an example
ol a multi-clad optical fiber propagating the same modes as
in the conventional single-clad optical fiber of FIG. 13A, 1n
accordance with an embodiment;

FIG. 14 1s a schematic view of an example of an experi-
mental setup for tapering a multi-clad optical fiber, in
accordance with an embodiment;

FIGS. 15A and 15B are graphs showing optical losses as
function of wavelength of an optical signal propagated into
fibers A and B of FIGS. 12A and 13B, respectively, 1n
accordance with an embodiment:

FIG. 16 1s a graph showing transmission as function of
wavelength of an optical signal propagated across diflerent
portions of a 2x2 symmetric adiabatic optical fiber coupler,
in accordance with an embodiment;

FIG. 17 1s a graph showing optical loss as function of
wavelength of an optical signal propagated across an ultra-
short adiabatic null optical fiber coupler, in accordance with
an embodiment;

FIG. 18A 1s a graph showing refractive index profiles as
tfunction of I'TR {for three spatial modes families, calculated
with an eflective index for the first five modes for a
conventional single-clad optical fiber, 1n accordance with an
embodiment;

FIG. 18B 1s a graph showing refractive index profiles as
tfunction of I'TR {for three spatial modes families, calculated
with an eflective index for the first five modes for a
multi-clad optical fiber, 1n accordance with an embodiment;

FIG. 19A 15 a graph showing normalized slope as function
of ITR, showing adiabaticity criteria of a single-clad optical
fiber propagating an optical signal having few modes; and

FIG. 19B 1s a graph showing normalized slope as function
of I'TR, showing adiabaticity criteria of a multi-clad optical
fiber propagating an optical signal having the few modes of
FIG. 19A, 1n accordance with an embodiment.

DETAILED DESCRIPTION

FIG. 2 shows an example of a double-clad optical fiber
device 100 for propagating an optical signal 102 having at
least a single mode 104. For instance, the optical signal 102
can have a single mode per polarization or a few modes per
polarization.

As shown, the double-clad optical fiber device 100 has a
multi-clad optical fiber 106 with a fiber core 108, an inner
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4

cladding 110 surrounding the fiber core 108, and an outer
cladding 112 surrounding the inner cladding 110.
As shown, the double-clad optical fiber 106 has first and

second taper portions 114 and 116 extending along a lon-
gitudinal dimension z and being longitudinally spaced-apart
from one another. In this example, both the first and second
taper portions 114 and 116 have a radial dimension p
progressively decreasing (or increasing depending on which
longitudinal direction 1s taken for reference) at a normalized
slope exceeding an adiabaticity criterion of the conventional
single-clad optical fiber propagating at least the single-mode
104 across 1ts single-mode core (see FIG. 1).

Typically, before the double-clad optical fiber 106 1s
reduced, the optical signal 1s propagated using the guided
modes (one or many) of the fiber core 108. During the
tapered transition the guided modes of the fiber core 108 are
going to gradually transform into cladding modes (as the
diameter of the double-clad optical fiber 106 1s reduced) and
then gradually transform back into core modes as the
multi-clad optical fiber 106 returns to 1its initial radius.

In this disclosure, the normalized slope 1s defined as

1 d(p(z)
o) dz

where p(z) denotes a radial dimension of the fibre core 108
as function of the longitudinal dimension z, and

@
dz

denotes a variation of quantity ( ) with respect to the
longitudinal dimension z. However, the normalized slope
can have any other equivalent definitions.

The adiabaticity criterion has been discussed 1n the field.
For instance, Chapter 6 entitled “Optical fiber components:
Design and applications of fused biconical tapered compo-
nents” of text book “Hamam, Habib, ed. Optical Fiber
Components: Design and Aplications. (2006)” discuss the
acdiabaticity criterion of conventional single-clad optical
fibers 1n great length, the content of which 1s hereby 1ncor-
porated by reference. This subject 1s also discussed in Birks,
Timothy A., and Youwe1 W. Li1. “The shape of fiber tapers.”
Journal of Lightwave Technology 10.4 (1992): 432-438, the
content of which is hereby incorporated by reference.

FIG. 3 1s a graph showing the normalized slope as
function of the ITR, which 1s generally defined as

\)

So

where S 1s the area of the local cross section of the first taper
portion 114, whereas S, 1s the area of the local cross section
of the multi-clad optical fiber 106 prior to tapering. Curve L,
shows the normalized slope of the first and second taper
portions 114 and 116. It represents a simple fabrication
trajectory that 1s adiabatic for the signal propagating in the
double-clad optical fiber 106 and non-adiabatic for the
single-clad optical fiber. Calculation of the curves shown 1n
FIG. 3 are based on a wavelength of 730 nm and the signal
of interest 1s the LP,, mode guided by the core of each
mentioned optical fibers.
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In this graph, reference adiabaticity criterion curve R
corresponds to an adiabaticity criterion curve showing
potential power transier between the first two modes, 1.¢.,
the fundamental mode LP01 and the first higher-mode LP11,
propagating along the taper portions of the single-clad
optical fiber. Typically, when desigming the optical fiber
device of FIG. 1, the normalized slope of the taper portions
1s chosen so that it remains below the reference adiabaticity
criterion curve R for all ITRs, 1in order to achieve adiaba-
ticity (no optical losses) and the shorter optical fiber device
as possible. Other adiabaticity criterion curve can be com-
puted for other pairs of mode, e.g., between the LP01-LP1m
modes, however, the adiabaticity criterion curve associated
to the first two modes (1.e., when m=1) 1s generally the more
restrictive criterion.

However, the inventors found that by using the double-
clad optical fiber 106, or any other suitable multi-clad
optical fiber, istead of the single-clad optical fiber, a
resulting adiabaticity criterion curve, such as curve A, would
be raised by a significant amount relative to the reference
adiabaticity criterion curve R of conventional single-clad
optical fibers, which in turns allows the normalized slope to
be raised accordingly. In other words, when using such
double-clad optical fibers, the normalized slope of the taper
portions 114 and 116 can be increased, which consequently
reduces a length L of the taper portions and an overall length
L., . of the double-clad optical fiber device 100. As shown,
the curve L, associated to the portion of minimal diameter
of the multi-clad optical fiber device 100 of FIG. 2, 1s above
the reference adiabaticity criterion curve R but below the
curve A for all ITRs. The multi-clad optical fiber device 100
1s thus an adiabatic optical fiber device. It will be appreci-
ated that the length L, . of the central portion of constant
diameter of the multi-clad optical fiber device 100 1s about
1 mm 1n this example. To do a similar optical fiber device
with conventional single-clad optical fiber, 1ts length would
have rather been of at least about 10 mm, and thus signifi-
cantly longer than the length L, . of the multi-clad optical
fiber device 100.

Moreover, in some embodiments, the normalized slope of
the taper portions 114 and 116 of the multi-clad optical fiber
106 can exceed the adiabaticity criterion of the conventional
single-clad optical fibers, but be kept below an adiabaticity
criterion of the multi-clad optical fiber 106. In this way, the
lengths L of the taper portions 114 and 116 can be reduced
(e.g., compared to lengths L' of taper portions of the optical
fiber device of FIG. 1) without sacrificing the adiabaticity of
the resulting double-clad optical fiber device 100.

In this example, only the mmner and outer claddings 110
and 112 surround the fiber core 108. However, in some other
embodiments, there may be more than two claddings sur-
rounding the fiber core 108. In such embodiments, the
resulting optical fiber 1s generally referred to as a multi-clad
optical fiber. It will be noted that although multi-clad optical
fibers having a refractive index profile corresponding to two
successive steps, 1n other embodiments, the multi-clad opti-
cal fiber can have a refractive index profile varying in a
continuous fashion.

In this example, the double-clad optical fiber device 100
has the two taper portions 114 and 116. However, 1n other
embodiments, the double-clad optical fiber device 100 can
have only one taper portion, or more than two taper portions.

It 1s intended that, 1n this example, the optical signal 102
has power within a spectral band at a given wavelength A.
Accordingly, the fiber core 108 1s sized and shaped to be
either single-mode or few-mode at at least the given wave-
length A. It will be appreciated that for a specific multi-clad
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optical fiber device, the wavelength A 1s fixed and the
acdiabatic criterion 1s calculated based on the wavelength A
and the geometry of the selected multi-clad optical fiber
device. Using multi-clad optical fibers to control the shape
of the adiabatic criterion 1s not exclusive to one wavelength.
Theretfore, the exposed principle can be applied to other
optical fiber devices, operating at diflerent wavelengths.

In the 1llustrated embodiments, the fiber core 108 has a
first refractive index nl, the iner cladding 110 has a second
refractive index n2 lower than the first refractive index nl,
and the outer cladding 112 has a third refractive index n3
lower than the second refractive index n2.

Depending on the embodiment, the normalized slope of at
least one of the taper portions 114 and 116 can be at least two
times the adiabaticity criterion of the conventional single-
clad optical fiber. In some other embodiments, the normal-
1zed slope of at least one of the taper portions 114 and 116
1s at least ten times the adiabaticity criterion of a conven-
tional single-clad optical fiber. In further embodiments, the
normalized slope of at least one of the taper portions 114 and
116 1s at least forty times the adiabaticity criterion of a
conventional single-clad optical fiber.

In some embodiments, the multi-clad optical fiber device
100 can have a total length below 20 mm, preferably below
10 mm, most preferably below 5 mm. In some other embodi-
ments, the multi-clad optical fiber device 100 can have a
total length being two times smaller than a corresponding
single-clad optical fiber device having a single-clad optical
fiber instead of the multi-clad optical fiber 106, preferably
ten times smaller than the corresponding single-clad optical
fiber device, most preferably forty times smaller than the
corresponding single-clad optical fiber device.

FIG. 4 shows an example of a multi-clad optical fiber
device 200, 1n accordance with an embodiment. As depicted,
the multi-clad optical fiber device 200 has a first multi-clad
optical fiber 206, a second optical fiber 220 and a coupling
region 222.

The first multi-clad optical fiber 206 has a first fiber core
208, a first inner cladding 210 surrounding the first fiber core
208, and at least a first outer cladding 212 surrounding the
first inner cladding 210. As 1illustrated, the first multi-clad
optical fiber 206 has a first taper portion 214 extending along
a longitudinal dimension z. The first taper portion 214 has a
radial dimension p progressively decreasing at a first nor-
malized slope exceeding a first adiabaticity criterion of a
first conventional single-clad optical fiber propagating at
least the single-mode across its single-mode core.

As shown, the coupling region 222 has at least a portion
of the first taper portion 214 of the first multi-clad optical
fiber 206 optically coupled to at least a portion of the second
optical fiber 220. In this example, the optical coupling is
achieved by thermally fusing the first taper portion 214 of
the first multi-clad optical fiber 206 to the second optical
fiber 220. In some other embodiments, the optical coupling
can be achieved by contacting the first taper portion 214 of
the first multi-clad optical fiber 206 to the second optical
fiber 220.

In this specific example, the second optical fiber 220 1s
provided 1n the form of a second multi-clad optical fiber 220.
As shown, the second multi-clad optical fiber 220 has a
second fiber core 224, a second imner cladding 226 sur-
rounding the second fiber core 224, and at least a second
outer cladding 228 surrounding the second inner cladding
226. The second multi-clad optical fiber 220 has at least a
second taper portion 230 extending along a longitudinal
dimension z, the second taper portion 230 has a radial
dimension p progressively decreasing at a second normal-
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1zed slope exceeding a second adiabaticity criterion of a
second conventional single-clad optical fiber propagating at
least the single-mode across 1ts single-mode core.

In this embodiment, the coupling region 222 has the at
least a portion of the first taper portion 214 optically coupled
to at least a portion of the second taper portion 230, a section
of which 1s shown in FIG. 4A.

As 1llustrated, the first and second normalized slopes are
similar to one another 1n this embodiment. However, in other
embodiments, the first and second normalized slopes can be
different from one another.

Referring back to FIG. 4, the first fiber core 208 has a first
refractive index nl and a first radial dimension p1, the first
inner cladding 210 has a second refractive mndex n2 and a
second radial dimension p2, and the first outer cladding 212
has a third refractive index n3 and a third radial dimension
1, with n1>n2>n3 and pl1<p2<p3. The second fiber core
224 has a fourth refractive index nd4 and a fourth radial
dimension p4, the second mnner cladding 226 has a fifth
refractive index n5 and a fifth radial dimension p3, and the
second outer cladding 228 has a sixth refractive index né and
a sixth radial dimension p6, with nd>n5>n6 and p4<p5<p6.

In this example, the second multi-clad optical fiber 220
has a geometry and composition that 1s similar to a geometry
and composition of the first multi-clad optical fiber 206. In
such embodiments, the multi-clad optical fiber device 200 1s
saild to be symmetric. Accordingly, the first and fourth
refractive indexes nl and n4 are similar to one another, the
second and {fifth refractive indexes n2 and n5 are similar to
one another, the third and sixth refractive indexes n3 and n6
are similar to one another, the first and fourth radial dimen-
sions p1 and p4 are similar to one another, the second and
fifth radial dimensions p2 and p5 are similar to one another
and the third and sixth radial dimensions p3 and pé6 are
similar to one another.

In the illustrated embodiment, the first multi-clad optical
fiber 206 has a third taper portion 232 being longitudinally
spaced-apart from the first taper portion 214. As shown, the
third taper portion 232 has a radial dimension p progres-
sively increasing at a third normalized slope exceeding a
third adiabaticity criterion of a third conventional single-
clad optical fiber propagating at least the single-mode across
its single-mode core.

Similarly, the second multi-clad optical fiber 206 has a
fourth taper portion 234 being longitudinally spaced-apart
from the second taper portion 230. As shown, the fourth
taper portion 232 also has a radial dimension p progressively
increasing at a fourth normalized slope exceeding a fourth
adiabaticity criterion of a fourth conventional single-clad
optical fiber propagating at least the single-mode across 1ts
single-mode core.

In this specific embodiment, the coupling region 222 has
the first and second taper portions 214 and 230 being
optically coupled to one another and also the third and fourth
taper portions 232 and 234 being optically coupled to one
another. A middle portion 236 of the first multi-clad optical
fiber 206 extending between the first and third taper portions
214 and 232 1s also optically coupled to a middle portion 238
of the second multi-clad optical fiber 220 extending between
the second and fourth taper portions 230 and 234.

In other embodiments, multi-clad optical fiber devices can
be asymmetric as well. For instance, the second optical fiber
can be provided 1n the form of a second multi-clad optical
fiber having a geometry and composition which differs from
the geometry and composition of the first multi-clad optical
fiber 206. An example of which 1s shown i1n FIG. 5. As

depicted, 1in this embodiment, multi-clad optical device 300
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has a coupling region 222 having first and second multi-clad
optical fibers 306 and 320 being optically coupled to one
another, where the first and second multi-clad optical fibers
306 and 320 are different from one another.

In such asymmetric optical fiber devices, the first and
fourth refractive indexes nl and nd4 can differ from one
another, the second and fifth refractive indexes n2 and n5
can differ from one another, the third and sixth refractive
indexes n3 and n6 can difler from one another, the first and
fourth radial dimensions pl and p4 can differ from one
another, the second and fifth radial dimensions p2 and p5
can differ from one another and the third and sixth radial
dimensions p3 and p6 can differ from one another.

Alternately, 1n some other embodiments, the second opti-
cal fiber can be provided in the form of a second single-clad
optical fiber, which would still provide an asymmetric
optical fiber device, as shown 1n FIG. 6. In this embodiment,
multi-clad optical device 400 has a coupling region 422
having a first multi-clad optical fiber 406 and single-clad
optical fiber 320 being optically coupled to one another,
where the optical fibers 406 and 420 are also different from
one another.

FIGS. 7 and 8 show examples of optical fiber devices 500
and 600 having a multi-clad optical fiber with a taper portion
as described herein, one or more other optical fibers, and a
coupling region having at least a portion of the first taper
portion of the first multi-clad optical fiber, at least a portion
of the other optical fibers optically coupled to one another.

More specifically, the optical fiber device 500 has a first,
second and third multi-clad optical fibers 506, 520 and 540.
Each of the first, second and third multi-clad optical fibers
506, 520 and 540 has a fiber core, an mner cladding
surrounding the respective fiber core, and at least an outer
cladding surrounding the respective mner cladding. Each of
the first, second and third multi-clad optical fibers has at
least a taper portion extending along a longitudinal dimen-
sion z, with each taper portion having a radial dimension p
progressively decreasing at a respective normalized slope
exceeding a given adiabaticity criterion of a given conven-
tional single-clad optical fiber propagating at least the
single-mode across 1ts single-mode core.

In this specific embodiment, the optical fiber device has a
coupling region 522 having at least a portion of the taper
portion of the first multi-clad optical fiber 506, at least a
portion of the taper portion of the multi-clad optical fiber
520 and at least a portion of the taper portion of the third
multi-clad optical fiber 5340 being optically coupled to one
another.

As shown 1n this embodiment, the optical fiber device 500
1s asymmetric, as at least a geometry of the first, second and
third multi-clad optical fiber 506, 520 and 540 differ from
one another. However, in some other embodiments, the
geometry of the first, second, and third multi-clad optical
fibers 1s similar to one another, thus providing a symmetric
optical fiber device.

More specifically, the optical fiber device 600 has a first,
second, third and fourth multi-clad optical fibers 606, 620,
640 and 642. Each of the first, second, third and fourth
multi-clad optical fibers 606, 620, 640 and 642 has a fiber
core, an inner cladding surrounding the respective fiber core,
and at least an outer cladding surrounding the respective
inner cladding. Fach of the first, second, third and fourth
multi-clad optical fibers 606, 620, 640 and 642 has at least
a taper portion extending along a longitudinal dimension z,
with each taper portion having a radial dimension p pro-
gressively decreasing at a respective normalized slope
exceeding a given adiabaticity criterion of a given conven-
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tional single-clad optical fiber propagating at least the
single-mode across 1ts single-mode core.

In this specific embodiment, the optical fiber device 600
has a coupling region 622 having at least a portion of the
taper portion of the first multi-clad optical fiber 606, at least
a portion of the taper portion of the multi-clad optical fiber
620, at least a portion of the taper portion of the third
multi-clad optical fiber 640 and at least a portion of the taper
portion of the fourth multi-clad optical fiber 642 being
optically coupled to one another.

As shown 1n this embodiment, the first and third multi-
clad optical fibers 606 and 640 share at least a common
geometry whereas the second and fourth multi-clad optical
fibers 620 and 642 share at least another geometry.

As can be understood from the several embodiments
described above, 1t 1s within the ambit of the present
disclosure to encompass any optical fiber device which has
at least one multi-clad optical fiber device with a taper
portion such as those described herein which 1s coupled to
at least another optical fiber. For instance, although FIG. 4
shows an example of a 2x2 symmetric optical fiber coupler,
FIGS. 5 and 6 shows examples of 2x2 asymmetric optical
fiber couplers, FIG. 7 shows an example of a 3x3 asym-
metric optical fiber coupler and FIG. 8 shows an example of
a 4x4 optical fiber coupler (being symmetric with respect to
a given radial orientation, but asymmetric with respect to
another radial orientation orthogonal to the given radial
orientation, it 1s intended that the optical fiber device could
be provided 1n the form of NxN symmetric or asymmetric

optical fibers device, where N 1s an integer ranging from 1
to N.

EXAMPLE 1

Ultra Short Adiabatic Optical Fiber Devices

In this example, a method to produce ultrashort adiabatic
fibered components 1s presented. It was found that by using
properly parametrized double-(or multi-) clad fiber it 1s
possible to ease the adiabatic (lossless) transition of scalar
modes from core modes to cladding modes. This process
allows to dramatically shorten adiabatic fibre devices. A
review of the adiabatic transition 1s made regarding the step
index single-mode fiber SMF-28 from Corning. The pro-
posed concept 1s then tested with double clad fibers (fibers
A and B), both with cores that are single mode at wave-
lengths above 630 nm. Adiabaticity curves are calculated for
the fundamental mode at 730 nm for a taper and compare
with experimental results for a L,=1 mm tapering. The
resulting component 1s at least 4.25 times shorter than its
usual step index counterpart and, according to our simula-
tions, could be made easily 42.5 times shorter. Using the
same {fibers, ultrashort symmetrical (WDM) couplers and
asymmetrical (null) couplers of total length 8 mm (including
the transition zone) are manufactured. The possibility of
applying the method to higher-order spatial modes 1s also
discussed. A method of fabrication for spatial mode multi-
plexers using this approach 1s also proposed. The suggested
method can shorten the length of simple 1 and 2 fibers
components, but could also greatly simplify the fabrication
of many-(more than two-) fiber components. Finally, poten-
tial applications i1n few-modes telecommunications and
microscopy applications are briefly discussed.

Fused-tapered optical fiber devices are characterized in
their cross-section by a fusion parameter F(z) and along their
axis by a radius p(z), where z 1s the axial coordinate along
the fibers. For example, a bare standard optical fiber has a
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radius p(z)=62.5 um. A tapered fiber 1s completely charac-
terized by the p(z) function describing 1ts radius for each
position.

Diameter vanations may induce coupling among the fiber
modes. This can be either coupling among guided modes or
coupling to higher-order unguided modes, thereby inducing
propagation loss. A device 1s said to be adiabatic if the
diameter variations induce no or negligible coupling for a
given mput mode. Adiabaticity 1s obtained when the tran-
sitions are smooth, equivalently when the derivative dp/dz 1s
sufliciently small. The adiabatic limit can be quantitatively
characterized by the mnequality

(1)

where A, =[], 1s the difterence between the propagation
constant for two modes 1 and j, and C; 1s the normalized
coupling coeflicient. The left-hand side 1s the normalized
slope of a device and the right-hand side the adiabaticity
criterion.

The core mode of a single-mode double-(or multi-)clad
fiber 1s populated by light. A core mode 1s defined by 1ts
effective index, n,<n_,n,. As the fiber gets tapered the
mode slowly transit to a first cladding mode. It leaks more
and more 1to the first cladding until n,<n_,<n,. The taper
continues to shrink and a second transition from the first
cladding mode to glass cladding mode occurs. A n-layer
fiber 1s characterized by the radiwus (p,, p,, . . ., p,) and
indexes (n,, n,, . . ., n ) of its n layers.

We found that the intermediate layer (1.e. the first clad-
ding) of a double clad fiber could facilitate the transition of
the core mode by raising the adiabatic criterion (see for
example FIGS. 10A-D). This property i1s easily demon-
strable 1n waveguides with cylindrical geometry, but was
also shown experimentally to extend symmetrical and asym-
metrical two fiber components.

As shown below properly parametrized double clad fibers
and lead to very short all-fibered component which would be
impossible to make with single step imndex fibers. Single-
mode double clad fibers are the simplest case where this
technique 1s useful but, as shown below, 1t 1s not restricted
to the first linearly polarized mode. Also we think that the
acdiabatic properties will generalize to more complex index
structures such as multilayer step index, continuous index
with similar geometry and multi-core fibers. Those struc-
tures will be explored 1n future work.

As shown below, by choosing the proper set of parameters
(Pys Pss - - -5 P,,) and 1ndexes (n,, n,, . .., n )1t 1s possible
to control the critical mverse taper ratio (ITR) at which
modes are transiting to the glass cladding as well has their
adiabatic criterion and their mode field diameter (MDF).
This technique could easily be used to build components
compatible with existing infrastructures such as the existing
fiber optic network.

FIG. 10A shows the adiabatic curve for a tapered SMF-28

optical fibre. The bottom axis 1s the inverse taper ratio (ITR)
defined as

TR = £ ()
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where p,, 1s the radius before tapering, hence 62.5 um. The
left axis 1s the adiabaticity criterion of Eq. 1. An SMF-28
tapered fiber 1s adiabatic as long as the normalized slope
does not exceed approximately 0.35 mm™". For comparison,
FIGS. 10B and 10C show the adiabatic curves for putative
optical fibers contaiming an inner cladding with a V param-
cter of 2 and 4 respectively and with the same core radius
and normalized frequency (V,=2) has the SMF-28’s core.
FIG. 10D shows a summary of the important properties of
cach condition. ITR . are the approximate ITR for which the
LP,; mode transits from the core to the first cladding (ITR . )
and for first cladding to glass cladding (I'1R_ ). The column
Min exposes the minimum of the adiabatic criterion curve,
which 1s the hardest point to satisiy 1n a recipe.

In FIG. 10A we see for a usual 1 step index single-mode
fiber that doubling the core’s size only leads to and increase
the adiabatic criterion of about 1.4 times. This fiber would
be 1mpractical has 1ts An=0.0013 1s very low and 1ts MFD
wouldn’t match standard SM fiber.

In FIG. 10B, we see that 2 steps fibers with V,=2 already
shows a signmificant improvement over its standard SMF-28
counterpart. Again the transition glass cladding seems to be
tacilitated by a larger radius. In general a larger guiding
structure to glass cladding ratio gives more adiabatic tran-
sition. This was already known for single step fiber but was
never investigated in multi-transition devices as we do here.

In the best case presented here modifying SMF-28’s index
profile results 1n an eightiold increase on the adiabaticity
criterion. For the 2 steps, V,=4 and p,=20 um, the minimum
of the adiabatic criterion has increased from 0.35 mm™' to
2.88 mm™', a factor 8.2. This comes with the compromise
that the cntical ITR at which the LP,, mode makes a
transition to the outer cladding has passed from 0.406 to
0.236.

A constant heat zone stretched component 1s the simplest
form of taper achievable 1n the lab and gives a good estimate
of the shortest component achuevable adiabatically. A zone
of length L, 1s heated with a propane flame and two motors
pull symmetrically on each end of the component producing,
a tapered form (FIG. 11). The length of the tapered transition
(z,) 1n a constant heat zone stretched component 1s z_=In
(ITR)*-L, and the total length of the component is
L,.—27,+Ly=(-2In(ITR )+1)*L,, This means that increasing
the adiabatic criterion by 8 times makes a component
roughly 8 times shorter if we consider they have the same
ITR .

In general we have observed that having a mode more
strongly guided (1.e. greater diflerence of index in compari-
son with the glass cladding) would increase the adiabatic
criterion even with a single core (which would nevitably
become multimode). The advantage of double clad fiber 1s
that by choosing the right V parameter and radius of the
core, 1t can still be single-mode and made to match the mode
diameter of a standard fiber.

The One step model was build such that 1s has the same
radius and normalized frequency as the core of fiber A. Fiber
A and B where already available in the lab and where
therefore chosen for the demonstration principle. Each core
are single-mode at 630 nm and above.

To study the adiabatic transition for the LP,, mode 1n fiber
A and B, the scalar field equation was solved using our own
inhouse software. In this case, only the radial part of the
scalar equation need to be solved since we are working 1n a
cylindrically symmetrical wave guide. The effective index
and the coupling coeflicient were calculated for the first 5
modes with of the LP,, family since the coupling coeflicient
1s null other families because of the cylindrical symmetry.
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On FIGS. 13A and 13B fiber A 1s compared with a step index
fiber of the same V parameter for the core. As shown 1n

FIGS. 13A and 13B, adiabatic criterion 1s drawn only for the
first 3 modes of the LP,, family.
LP,, ,; lines are lines which respects

Ldp Apj

f_jd_z - C:J

it a tapering recipe 1s suiliciently under the line for all point
in the recipe then the transformation process (in this case for
LP,,) 1s adiabatic. The x-axis 1t the TR which 1s simply the
inverse of the reduction rate and 1s define by ITR=p/p,. A
recipe always starts with I'TR=1 and i1s finishing with a
smaller I'TR. The y-axis 1s the normalized slope and has units
in 1mverse of length. Horizontal line represent constant
length hot zone during the tapering process and the hot zone
L, 1s given by the inverse of the y coordinate. Here the
yellow line at the bottom represent an adiabatic recipe with
L.,=10 mm which finishes at I'TR=0.3. It barely passes under
the LP,,_,, adiabatic line for the usual step index fiber. The
horizontal purple line represent a recipe with L,=1 mm and
ITR ~0.03 which 1s not adiabatic for the usual step index
fiber but is still well below the adiabatic criterion for fiber A.
Furthermore, note the core of the usual step imndex fiber 1s
single-mode at 730 nm. Therefore coupling with LP,, or
LLP,; would lead to noticeable loss during the tapering

process.
The total length of the taper 1s simply given by L, =27+

L, where z 1s the length of the taper transition and L, the

constant length hot zone. For a constant hot zone recipe we
have the following relation analytical relation for the taper
transition z=In(ITR)*-L, where IR, 1s the ITR of the
central zone at which the recipe ends. In table 1 we compare
the total length for fiber A and its single step analogue.

In these examples, fibre A has an ITR,0t 0.03, a L of 1
mm and a L., . of 8 mm whereas the conventional single-clad
optical fiber has an I'IR-01 0.30, a L, of 10 mm and a L,
of 34 mm.

We see that the adiabatic taper made with fiber A 1s 4.25
shorter but 1ts final ITR 1s also 10 times smaller. In fiber A,
the transition of the LP,, mode from first cladding mode to
glass cladding mode occurs around ITR=0.049 which means
that even with another choice for the final ITR the factor
between the two recipes would still be around 10.

To ensure that only the LP,, mode was excited a I-setup
was made, as described i FIG. 14. The step includes a
broadband light source, spools having diameters of having 3
cm, a tapering flame, an optical spectrum analyzer (OSA), a
multi-mode optical fiber, a single-mode optical fiber, and
multi-clad optical fiber A

A wide band source (Energetiq) 1s coupled mto a multi-
mode fiber which 1s coupled to a single-mode fiber (Thor-
labs 630 HP). The single-mode fiber 1s rolled (D=3 [cm]) a
few turns around a cylinder. This ensure that every non
guided mode (1.e. all modes but LP,,) are quickly leaking
out of the fiber. Another cylinder i1s used after the taper to
ensure that we measure only losses of the LP,, mode in the
taper. It important to note here that the MDF of the single-
mode fiber and Fiber A (and B) are not matched. Therefore
the process will always lead to some amount of losses since
there will be coupling with higher order modes. By mini-
mizing the beating observed on the spectrum analyzer before
tapering 1t 1s possible to maximize the coupling toward LP;,.
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We were able to achieve very low losses induce by tapering
experimenting with fiber A, which demonstrated that the
process 1s adiabatic for LP,;.

First, a fusion splice between de two single-mode (630
HP) fiber was made and a reference was taken on the
spectrum analyzer. The splice was broken and 5 cm of fiber
A (or B) was 1nserted by fusion slicing to the single-mode
fibers 1 order to form what we call a I structure. The
transmission spectrum was saved. Fiber A (or B) was then
tapered using a constant hot zone length of L,=1 [mm]. On
FIGS. 15A and 15B are presented the total losses with
respect to the 630 HP-630 HP reference (green line) and
losses induced by tapering with respect to the 1 structure,
L,=1 [mm], (red line) for fiber A. Average losses due to
tapering are about 0.03 dB and maximum losses are about
0.08 dB. For a usual step index fiber a similar recipe would
have induced very high losses.

Results obtained with fiber A and B are bring the question
on the possibility to export the principle to directional
couplers. In such devices the cylindrical geometry used for
our calculation 1 5 i1s iapplicable. Furthermore, 2 fiber
components are always harder to be made adiabatically. We
proceeded to vernity experimentally 1f the adiabatic proper-
ties of fiber A (and B) could be used to produce adiabatic
couplers. Simulation for 2x2 symmetric and asymmetric
couplers using double clad fiber are still pending.

FIG. 16 shows a wavelength-division multiplexer (WDM)
incorporating two multi-clad optical fibers A. A higher-order
mode mix 1s shown in which polarization modes which
dictate the shape of the envelope of the transmission curve.
The optical losses due to multi-clad optical fibers A are due
to the tapering 0.3 on the observed portion of the WDM.

Repeating such experiment with increasingly shorter
multi-clad optical devices shows that the first higher-order
mode mixing can occur when ITS 1s about 0.08 in this
example.

In FIG. 17, optical losses mn one of the arms of a
multi-clad optical fiber coupler are shown. No coupling was
detectable in the other one of the arms of the multi-clad
optical fiber coupler.

To the best of our knowledge, this 1s the first demonstra-
tion that vanishing core structure can be used to decrease the
length of all fiber component. We plan on using this method
to shorten the length of more complex (more than 2 fibers)
component and by doing so facilitating their fabrication and
augmenting their fabrication yield.

Adiabatic mode multiplexers exploit a transition between
N separated dissimilar single-mode (SM) cores at one end
and a solitary multimode (MM) core supporting N spatial
modes at the other end

Application 1n multi-core fibers. Reducing the coupling 1n
between core by adding asymmetry (1.e. phase mismatching,
between neighbor fibers.) Facilitate the fabrication of fanout.
Application for phonics lantern (spatial mode multiplexing).
Many double clad fiber fibers with single-mode core with
mode field diameter matched with SMF-28. Asymmetric
cladding (different for each of them) enables adiabatic
(casier than ever) transition to other modes. Possibility to
build multi-modal near filed microscope.

As can be understood, the examples described above and
illustrated are intended to be exemplary only. Although the
illustrated multi-clad optical fiber devices are optical fiber
couplers, i1t 1s intended that other types of devices can
incorporate the taper portion such as those described herein.
For example, the multi-clad optical fiber device can be an
evanescent probe, a photonic lantern and any other suitable
device which typically require a single-clad optical fiber for
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the propagation of a single-mode or few-mode optical signal
where the single-clad optical fiber has a taper portion across
which the optical signal propagate. For instance, it 1s
intended that an optical fiber device can be provided in the
form of NxN symmetric or asymmetric optical fibers device,
where N 1s an integer ranging from 1 to at least 10. Although
the multi-clad optical fiber devices are polarization-degen-
erate, 1t 1s intended that non-generate polarization multi-clad
optical fiber devices incorporating the taper portions
described here can also be provided in alternate embodi-
ments. The scope 1s indicated by the appended claims.

What 1s claimed 1s:

1. A multi-clad optical fiber for propagating an optical
signal having at least a single mode, the multi-clad optical
fiber comprising a fiber core, an mner cladding surrounding
the fiber core, and at least an outer cladding surrounding the
inner cladding, the multi-clad optical fiber having at least a
taper portion extending along a longitudinal dimension z,
the taper portion having a radial dimension progressively
decreasing at a normalized slope exceeding an adiabaticity
criterion of a conventional single-clad optical fiber propa-
gating at least the single-mode across 1ts single-mode core,
the normalized slope of the taper portion of the multi-clad
optical fiber being below an adiabaticity criterion of the
multi-clad optical fiber propagating at least the single-mode
across the fiber core.

2. The multi-clad optical fiber of claim 1 wherein the
normalized slope 1s defined as

1 d(p(z))
o) dz

wherein p(z) denotes a radial dimension of the fibre core as
function of the longitudinal dimension z, and

@
dz

denotes a vanation or quantity ( ) with respect to the
longitudinal dimension z.

3. The multi-clad optical fiber of claim 1 wherein the
optical signal has power within a spectral band at a given
wavelength A, the fiber core being one of single-mode and
few-mode at the given wavelength A.

4. The multi-clad optical fiber of claim 1 wherein the fiber
core has a first refractive index n,, the mner cladding has a
second refractive index n, lower than the first refractive
index n,, and the outer cladding has a third refractive index
n, lower than the second refractive index n,.

5. The multi-clad optical fiber of claim 1 wherein the
normalized slope of the taper portion 1s at least two times the
adiabaticity criterion of a conventional single-clad optical
fiber.

6. The multi-clad optical fiber of claim 1 wherein the
normalized slope of the taper portion 1s at least ten times the
acdiabaticity criterion of a conventional single-clad optical
fiber.

7. The multi-clad optical fiber of claim 1 wherein the
normalized slope of the taper portion 1s at least forty times
the adiabaticity criterion of a conventional single-clad opti-
cal fiber.

8. An optical fiber device comprising a first multi-clad
optical fiber having a first fiber core, a first mnner cladding
surrounding the first fiber core, and at least a first outer
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cladding surrounding the first inner cladding, the first multi-
clad optical fiber having at least a first taper portion extend-
ing along a longitudinal dimension z, the first taper portion
having a radial dimension progressively decreasing at a first
normalized slope exceeding a first adiabaticity criterion of a
first conventional single-clad optical fiber propagating at
least the single-mode across 1ts single-mode core, at least a
second optical fiber; and a coupling region having at least a
portion of the first taper portion of the first multi-clad optical
fiber optically coupled to at least a portion of the second
optical fiber, the first normalized slope of the first taper
portion of the first multi-clad optical fiber being below an
adiabaticity criterion of the first multi-clad optical fiber
propagating at least the single-mode across the first fiber

core.

9. The optical fiber device of claim 8 wherein the second
optical fiber 1s a second multi-clad optical fiber having a
second fiber core, a second 1nner cladding surrounding the
second fiber core, and at least a second outer cladding
surrounding the second inner cladding, the second multi-
clad optical fiber having at least a second taper portion
extending along a longitudinal dimension z, the second taper
portion having a radial dimension progressively decreasing,
at a second normalized slope exceeding a second adiabatic-
ity criterion of a second conventional single-clad optical
fiber propagating at least the single-mode across 1ts single-
mode core, the coupling region has the at least a portion of
the first taper portion optically coupled to at least a portion
of the second taper portion.

10. The optical fiber device of claim 9 wherein the first
and second normalized slopes are diflerent from one another.

11. The optical fiber device of claim 9 wherein the first
and second multi-clad optical fibers are diflerent from one
another.

12. The optical fiber device of claim 9 wherein at least the
first and second fiber cores differ in at least one of a radial
dimension and a refractive index.

13. The optical fiber device of claim 9 wherein at least the
first and second 1nner claddings differ in at least one of a
radial dimension and a refractive index.

14. The optical fiber device of claim 9 wherein at least the
first and second outer claddings differ 1n at least one of a
radial dimension and a refractive index.
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15. The optical fiber device of claim 9 further comprising
at least a third optical fiber, the coupling region having the
at least the portion of the first taper portion, the at least a
portion of the second optical fiber and at least a portion of
the third optical fiber optically coupled to one another.

16. The optical fiber device of claim 15 wherein the third
optical fiber 1s a third multi-clad optical fiber having a third
fiber core, a third inner cladding surrounding the third fiber
core, and at least a third outer cladding surrounding the third
inner cladding, the third multi-clad optical fiber having at
least a third taper portion extending along a longitudinal
dimension z, the third taper portion having a radial dimen-
sion progressively decreasing at a third normalized slope
exceeding a third adiabaticity criterion of a third conven-
tional single-clad optical fiber propagating at least the
single-mode across 1ts single-mode core, the coupling region
has the at least a portion of the first taper portion optically
coupled to at least a portion of the third taper portion.

17. The optical fiber device of claim 9 further comprising
one or more other optical fibers, the coupling region having
the at least the portion of the first taper portion, the at least
a portion of the second optical fiber and at least a portion of
the one or more other optical fibers optically coupled to one
another.

18. The optical fiber device of claim 8 wherein the second
optical fiber 1s a single-clad optical fiber.

19. A multi-clad optical fiber for propagating an optical
signal having at least a single mode, the multi-clad optical
fiber comprising a fiber core, an mner cladding surrounding
the fiber core, and at least an outer cladding surrounding the
inner cladding, the multi-clad optical fiber having at least a
taper portion extending along a longitudinal dimension z,
the taper portion having a radial dimension progressively
decreasing at a normalized slope exceeding an adiabaticity
criterion of a conventional single-clad optical fiber propa-
gating at least the single-mode across 1ts single-mode core,
the normalized slope of the taper portion being at least two
times the adiabaticity criterion of the conventional single-
clad optical fiber.

20. The multi-clad optical fiber of claim 19 wherein the
normalized slope of the taper portion 1s at least ten times the
acdiabaticity criterion of the conventional single-clad optical

fiber.
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